Fabrication of gold-copper colloidal bimetallic nanoparticles modified electrode and its application for the determination of dopamine  
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Abstract: A gold-copper colloidal bimetallic nanoparticles (GCBNs) modified gold electrode (GCBNME) was developed in this paper. Firstly, GCBNs, with the size of 72 nm, were synthesized and characterized by atomic absorption spectrophotometer (AAS), UV-vis absorption spectrum (UV) and atomic force microscopy (AFM). And then the GCBNME was constructed through physical dropping technique and its electrochemical properties were investigated by electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV). In comparison with the bare gold electrode, the GCBNME can significantly catalyze the oxidation of dopamine (DA) at a very low potential of +0.092 V (vs.Ag/AgCl) in 0.2 M pH 7.0 phosphate buffer solution (PBS). And effect of scan rate of CV showed that DA undergoed a surface reaction on the GCBNME. Differential pulse voltammetry (DPV) was applied to the quantitative determination of DA. In the optimum experimental conditions, the peak currents of DPV toward DA were linearly dependent on DA concentration in the range of 5.0×10-7 to 6.7×10-5 mol/L, with a detection limit of 5.2×10-8 mol/L. The interference of ascorbic acid (AA) can be eliminated effectively. This method was applied to the determination of DA in injection samples.
______________________________________________________________________
Introduction
Dopamine (DA) is an abundant neurotransmitter in nervous system. Because its abnormal levels are closely related to some neurological diseases, so the determination of DA is very important.1, 2 Many methods have been applied to DA determination , including spectrophotometry,3 fluorimetry,4 chemiluminescence,5 chromatography,6 and electroanalytical chemistry.7-9 Among them, chemical modified electrode has became a popular and promising approach due to its simple 
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procedure, low-cost apparatus, high sensitivity, wide applications of materials and especially its application of in vivo measurement. Though DA has a pair of reversible redox peaks in cyclic voltammograms at bare gold electrode, the peak currents are low and the interference of ascorbic acid (AA) is serious, so a lot of chemical modified gold electrodes have been developed to enhance the sensitivity and specificity.10-13 Particularly, some nanometer material modified gold electrode have been reported. For example, Fang and his co-workers10 used gold electrode modified with Fe3O4 nanoparticles to simultaneous determination of DA ________________________________________________
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and AA profited from that the differential pulse voltammograms
(DPVs) of DA and AA are independent from each other. And Zhang and his co-workers11 discovered that the acid-treated multi-walled carbon nanotubes (MWCNTs) modified gold electrode showed remarkable improvements in sensitivity and specificity of DA determination. 
In recent years, gold nanoparticles has been widely applied to the field of the analytical chemistry, by adopting its outstanding properties, such as large surface area, strong adsorbability, unique fluorescence, charge capacity to cause the static assembly, good electric conductivity and excellent biocompatibility.14-16 On the other hand, more and more researches indicate that mixed nanometer materials can have better performance of electrocatalysis.17-20 For example, Yang and his co-workers18 constructed a Pt-MWCNTs paste-based biosensor and discovered
its electrocatalytic effect more sensitively to glucose than MWCNTs-based biosensor. Cui and co- workers19 reported that 
Pt-Pb/MWCNT nanocomposite exhibited much stronger electrocatalytic activity toward glucose oxidation than pristine MWCNTs, Pt-Pb bimetallic nanoparticles and Pt/MWCNT nanocomposites. More noticeably, Tominaga and his co-workers20 proved that Au-Ag bimetallic nanoparticles are more effective catalysts for the electrocatalytic oxidation of glucose than pristine gold nanoparticles (PGNs), according to that the catalytic currents at Au-Ag nanoparticles modified electrode was represents a negative potential shift of about 0.1 V compared to that at Au nanoparticles modified electrode. It indicated that the electrocatalytic performance of Au nanoparticles would be optimized if some metal nanoparticles, which have better redox character, are embedded to them. Meanwhile, the synthesis and properties of several Au-based bimetallic nanoparticles have been investigated,21-32 including Au-Ag,21 Au-Cu,22-26 Au-Eu,27 Au-Fe,28 Au-Ni,29 Au-Pd,30 Au-Pt31 and Au-Ru.32 And these kinds of Au-based bimetallic nanoparticles may have some better properties than the PGNs. Especially, when a metal has better electrochemical reaction activity than Au is combined with Au in this formation, such as Au-Cu, Au-Fe and Au-Ni, the result bimetallic nanoparticles should have a better electrocatalytical performance than PGNs. The supposed reason is that the associated metal could act as a redox center inside the Au-based 
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electrode (PGNME) and could effectively resist the interference of AA.   

bimetallic nanoparticles and realize the gradual amplification process of electric current, while the PGNs do not have this ability, for gold is a inert metal that has poor electrochemical reaction activity. And as far as we know, this kind of electrocatalytic oxidation determination of DA has not been reported.

In this work, the Au-Cu colloidal bimetallic nanoparticles (GCBNs) was synthesized by a simple reduction reaction in aqueous solution, in which HAuCl4 and CuCl2 of equal molar were simultaneous reduction by trisodium citrate. The GCBNs were examined by atomic absorption spectrophotometer (AAS), UV-vis absorption spectrum (UV) and atomic force microscopy (AFM). The GCBNs were used to made a chemical modified gold electrode (GCBNME). And the electrochemical impedance spectrum (EIS) and cyclic voltammograms (CV) proved that the Cu can act as a redox center inside the GCBNs. At the same time, the CV and differential pulse voltammogram (DPV) of DA on the GCBNME indicated that the GCBNME had a better electrocatalytic activity toward DA than the PGNs modified gold
Experimental Section

Materials and Instrumentations. HAuCl4·4H2O (Au>48%) and Dopamine (98.5%) were obtained from Aldrich. Cupric chloride, trisodium citrate and ascorbic acid were purchased from Guangzhou Chemical Company. And 0.01 mol/L DA solution and 0.01 mol/L AA solution were freshly prepared with water when used. All chemicals used in this work were of analytical grade. And all aqueous solution used in experiment were made by double distilled assistant with a ultrasonic oscillate instrument. 

CV, EIS and DPV measurements were carried out on a CHI660A electrochemical workstation (CHI Instruments, USA). The three-electrode system consisted of a bare gold electrode or GCNME working electrode, a Ag/AgCl (3 mol/L KCl) reference electrode and a platinum wire counter electrode. UV-3150 UV-vis spectrophotometer (SHIMADZU, Japan) and Z-2000 Polarized Zeeman atomic absorption spectrophotometer (HITACHI, Japan) were used for UV and AAS, respectively. And AFM images were obtained using a SPM-9500J3 probe station (Shimadzu Instruments Inc., Japan) with a Si cantilever.
Preparation of PGNs and GCBNs. PGNs and GCBNs were prepared according to the previously reported literature33 with a little modification. In short, PGNs were prepared by adding 2.0 mL 1.0% trisodium citrate solution into 100 mL boiling 0.01% HAuCl4 solution, while GCBNs were synthesized by adding 4.0 mL 1.0% trisodium citrate solution into 100 mL boiling 0.01% HAuCl4 and 0.005% CuCl2 mixture solution. The result GCBNs was transparent and rosiness liquid. The GCBNs was stored in refrigeratory under 4 ℃ when not in used. And there was no deposition or suspension substance appearing in the GCBNs after 200 days.
Preparation of GCBNME and PGNME. The gold electrode was polished with 1.0, 0.3 and 0.05 μm alumina slurries, thoroughly rinsed with water and then sonicated in 1:1 nitric acid solution, anhydrous ethanol and water for 5 min each. Subsequently, GCBNME was fabrication by dropping 5 μL GCBNs onto the surface of the gold electrode with a micro injector, followed by a thorough rinsing with water, and then removing to parch with an infrared light for 15 min, forming the GCBNME. All modified gold electrodes were preparation when used. The PGNME were prepared in the same procedure with the replacement of GCBNs by PGNs. 

Electrochemical procedure. Phosphate buffer solution (0.02 mol/L NaH2PO4 + 0.02 mol/L Na2HPO4 + 0.1 mol/L KCl, PBS) was used as supporting electrolyte in the CV and DPV tests. And the voltammetric experiments were operated in the PBS solution containing different concentrations of AA and DA. And 0.03 mol/L K3Fe(CN)6 + 0.01 mol/L K4Fe(CN)6 + 0.1 mol/L KCl mixture solution was used as redox probe in the EIS test. 
Results and Discussion
_ Characteristic of GCBNs. The result of AAS test showed that the concentration of Cu in the GCBNs was 2.5×10-9 mol/L, indicating that the Cu2+ ion in mixture solution was nearly all been reduced. And the concentration of Au in the GCBNs was  2.2×10-9 mol/L according to the literatures,34, 35 supposing
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HAuCl4 in solution was nearly all been reduced. So the GCBNs sample was made up of approximately 50% of each component. And the UV-vis spectra of the GCBNs and PGNs are shown in Figure 1. The two spectrums were greatly similar to each other in the visible area, but the spectrum of GCBNs exhibited a broader peak. And the maximum wavelength of PGNs and GCBNs were 521 nm and 523 nm, respectively, which may be caused by the surface plasma resonance absorption (SPRS) of nanometer-size metallic gold particles.25, 36 However, the SPRS peak of GCBNs with 50% of each component was different from the previous reported 548 nm.25 It may be contributed to the difference of synthesis method of GCBNs and experimental conditions of UV-vis spectrophotometry. And according to the literatures,26, 36-38  since only a single SPRS peak of gold nanoparticles was observed in the spectrum of GCBNs, the GCBNs may hvae a core-shell configuration, where gold nanoparticles localized on the surface of copper nanoparticles.  
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Figure 1. The UV-vis spectrums of Au (a) and Au-Cu (b) colloidal nanaoparticles.
In order to identify the configuration of GCBNs, AFM measurements were carried out, as shown in Figure 2. The GCBNs had approximatively a shape of rotundity (Figure 2A) and a average diameter of 72 nm, according to the size measurement shown in Figure 2B. Since the average diameter of PGNs carried out by TEM was 20 nm, so the nanaoparticles of Au and Cu presented in Figure 2A were bimetallic nanoparticles. It also proved that the simultaneous reduction of CuCl2 and HAuCl4 occurred in the fabrication procedure of GCBNs. And from the amplitude trace image of AFM of the GCBNs (Figure 2C), which is quite similar to a scan electronical microscopy (SEM) image of the GCBNs, we can see that the GCBNs is isolated from each other. It may be due to the strong repulsion of the same electron charge of the GCBNs. And this property of the GCBNs will be significantly to enhance its electrocatalytic performance, for the effective catalytic area of the nanoparticles is large. Furthermore, from the phase trace image of AFM of the GCBNs (Figure 2D) in which a part with bigger viscoelasticity is displayed more brightly, we can see clearly that the GCBNs is of two colors in darkness, indicating that the GCBNs consisted of two compositions. So it is identified that the GCBNs is formed by combined Au with Cu and has approximately a core-shell configuration of which the Au compositions are the core and the Cu compositions are the shell.26, 36-38  
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Figure 2. Atomic force microscopy images of Au-Cu colloidal bimetallic nanoparticles. A) Topography image (1.0 μm×1.5 μm); B) Nanoparticles size measurement; C) Amplitude trace image (0.45 μm×0.45 μm) ; D) Phase trace image (0.45 μm×0.45 μm).
Electrochemical properties of GCBNME. The EIS was applied to analyse the changes of impedance of the electrode surface in the procedure of modification, and Fe(CN)63-/ 4- was used as the electrochemical redox probe in the test. Figure 3 showed the Nyquist plane plots of EIS of bare gold electrode and GCBNME. There was a straight line in all frequency at both bare gold electrode and GCBNME, especially no hemicycle part appeared in the high frequency segment, indicating that the electrochemical reaction was controled by the process of diffusion at both bare gold electrode and GCBNME.   On the other hand, the GCBNME has a better conductibility, for the curve 3b has a smaller semidiameter of the round than that of curve 3a, which also indicated the modification of GCBNs was successful.
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Figure 3. Nyquist plane plots of electrochemical impedance spectrum of bare gold electrode (a) and Au-Cu bimetallic nanoparticles modified gold electrode (b). 

Figure 4 shows the CV responses of the bare gold electrode and GCBNME in blank PBS solution. For the bare gold electrode (Figure 4a), there is no visible redox peak. However, for GCBNME (Figure 4b), the potentials of two couples of irreversible redox peaks appeared at -0.143 V, +0.022 V, +0.184 V and +0.501 V, respectively. The redox peaks may caused by the electrochemical reaction of the copper nanoparticles attached on the GCBNME in which the copper element underwent the different forms of Cu, Cu+ and Cu2+. It is demonstrated that the copper nanoparticles in GCBNs can act as a electrochemical redox center. And this property of GCBNs would allow GCBNME to have a better catalytical performance in the electrocatalytical determine of DA and another substance.  
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Figure 4. Cyclic voltammograms of bare gold electrode (a) and Au-Cu metallic nanoparticles modified gold electrode (b) in 0.02 mol/L PBS (pH 7.0). Scan rate: 0.05 V/s.   
Voltammetric Behavior of DA on GCBNME. The CV responses of DA on three different gold electrodes are shown in Figure 6. On bare gold electrode (Figure 6a), DA showed a couple of broad, weak reversible peaks appearing at +0.081 V and +0.319 V with a large △Ep of 238 mV, the difference between the anodic peak potential (Epa) and the cathodic peak potential (Epc). However, a couple of well-defined redox peaks as well as enhanced electrochemical response of DA appeared at the PGNME and the GCBNME , with the peak potentials moved to +0.046 V and +0.255 V on the PGNME (Figure 6b), and +0.033 V and +0.092 V on the GCBNME (Figure 6c), with △Ep, 209 mV and 59 mV, respectively. In addition, the peak potentials of DA on the three different gold electrodes were degressive by the order of bare gold electrode, the PGNME and the GCBNME, and the reversibilities and peak currents of CV responses increased by the same order. The results indicated that both PGNME and GCBNME can catalyze the electrochemical oxidation of DA and improve the peak shape of CV. This can be mainly attributed to the large surface area and good electron conductivity of gold nanoparticles. Figure 6c suggested that the electrocatalytic performance of GCBNME was much better than that of PGNME, with the obvious negative shift of the oxidation potential, about 160 mV, and the increase of the redox peak current with a more reversible behavior, where the △Ep is reduced by 150 mV. It demonstrated that the embedded copper nanoparticles can effectively enhance the electrocatalysis effect of gold nanopartilces. 
  When increasing the scan rates, the peak currents of DA on GCBNME increased markedly as shown in Figure 6. And the peak currents were linear to the scan rates in the rangs of 0.1 to 0.5 V/s, the linear equations were ipa / μA = 9.0650 v / (V/s) + 2.5909 (R = 0.9964); ipc / μA = 7.5450 v / (V/s) + 1.0761 (R = 0.9984), indicating that the electrochemical reaction of DA on the GCBNME was an adsorption-controlled process. It may because the adsorbent capability of GCBNs and the covalent bond between the gold nanoparticles layer of the surface of GCBNs and the amidos of DA molecule.39, 40 
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According to the redox peak splitting, the electrochemical oxidation of DA was a quasi-reversible process.
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Figure 5. Cyclic voltammograms of 5.00 μmol·L-1 dopamine on bare gold electrode (a), pristine gold nanoparticles modified gold electrode (b) and Au-Cu metallic nanoparticles modified gold electrode (c). Scan rate: 0.1 V/s. Other conditions are same as in Figure 4.
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Figure 6. Cyclic voltammograms of 5.00 μmol/L dopamine on Au-Cu metallic nanoparticles modified gold electrode in different scan rates. Scan rate (V/s): a-0.1, b-0.2, c-0.3, d-0.4, e-0.5. Other conditions are same as in Figure 5.
Interference study of AA. In the electroanalysis determination of DA, AA is the main interference, due to their similar properties of electrochemical oxidation and they are coexistent substances in body fluid. As shown in Figure 7, there was no visible oxidation peak in the CV of AA on the GCBNME, indicating that the electrochemical oxidation reaction of AA was difficult to take place. And according to Figure 8, the DPV of DA had no obvious change in the present of equal amount of AA. The results of further DPV measurement indicated that the interference of five times of AA can be ignored in the determination of DA, with the relative error is ±5%. It was confirmed that it is possible to determine DA in the presence of AA. 
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Figure 7. Cyclic voltammograms of 5.00 μmol/L ascorbic acid on the Au-Cu metallic nanoparticles modified gold electrode in 0.02 mol/L PBS (pH 7.0). Scan rate: 0.1 V/s.
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Figure 8. Differential pulse voltammograms of 5.00 μmol/L dopamine in the absence (a) and presence (b) of 5.00 μmol/L ascorbic acid on the Au-Cu metallic nanoparticles modified gold electrode in 0.02 mol/L PBS (pH 7.0).

The measurement of DPV for DA was shown in Figure 9A and from it we can see that the peak current increased linearly to the concentration of DA in the range of 5.0×10-7 to 6.7×10-5 mol/L. And as shown in Figure 9B, the linear regression equation was expressed as i /μA = 0.4649 CDA / (μmol/L) + 1.3252 with a coefficient of 0.9950. Supposing the signal noise ratio is 3, the detection limit of DA is 5.2×10-8 mol/L. 

In order to verify the reliability of the GCBNME, this method has been applied to the determination of DA in injection samples as the same procedure [10], and satisfying results (Table 1) were obtained. It indicated that the GCBNME could be efficiently applied to the determination of DA in injection samples.   
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Figure 9. Differential pulse voltammograms of dopamine on the Au-Cu metallic nanoparticles modified gold electrode in 0.02 mol/L PBS (pH 7.0). Concentration of dopamine (μmol/L): a-0, b-1.67, c-2.50, d-3.33, e-4.17, f-5.00.

Table 1. Determination results of DA in injection samples
	Sample
	Indicated

（mg·mL-1）
	Experimental

（mg·mL-1）
	Recovery 

(%)

	1

2

3
	10.0

10.0

10.0
	9.9

10.1

9.8
	99

101

98


Conclusion
The GCBNs were synthesized simple, and characterized by AFM, AAS and UV-vis. And the results demonstrated that the GCBNs had a core/shell configuration and the particles were isolated from each other. And the electrochemical properties of GCBNME showed that the Cu nanoparticles inside GCBNs could act as a redox center and this advantage could enhance the electrocatalytical oxidation performance toward DA of the GCBNME. This proposed feasible method is promising for the determination of DA in injection samples.
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